Characteristics of the athlete's heart have been investigated mostly in the left ventricle (LV); reports referring to the right ventricle (RV) have only appeared recently. The aim of the present study was to compare the training effects on RV and LV in elite male endurance athletes. To this end, echocardiography was conducted in 52 elite endurance athletes (A) and in 25 non-athletes (NA). Differences between A and NA in the morphology was more marked in the RV (body-size-matched (rel.)) long axis diastolic diameter (RVLADd): 63.4 ± 6.3 vs. 56.4 ± 6.3; rel. short axis diastolic diameter (RVSADd): 27.3 ± 3.6 vs. 23.6 ± 2.7 mm/m, RV diastolic area 28 ± 5.0 vs. 21.3 ± 4.3 cm 2 in all cases, p < 0.001) than in the LV (rel. LVLADd: 63.8 mm/m ± 5.6 vs. 60.7 mm/m ± 6.6, p < 0.05, rel.LVSADd 37.8 ± 3.1 vs. 35.3 ± 2.4, no difference). In the athletes ratios of peak early to late diastolic filling velocity (2.07 ± 0.51 vs. 1.75 ± 0.36, p < 0.01), the TDI-determined E'/A' ratio in the septal (1.89 ± 0.55 vs. 1.62 ± 0.55, p < 0.05) and lateral (2.62 ± 0.72, vs. 2.18 ± 0.87, p < 0.001) walls were significantly higher than in NA only in the LV. Results indicate that in male endurance athletes morphologic adaptation is similar or slightly stronger in the RV than in the LV, functional adaptation seems to be stronger in the LV.
In our previous reviews, which refer mostly to the LV, athletic characteristics of the heart were divided into morphologic, functional and regulatory areas (14, 15) . In the present study, we examined characteristics of the RV in a similar way. The regulatory parameters mean the modified autonomous control of the heart, in the main manifestations of it (lower HR, cardiac output) no differences between the two ventricles were expected.
Petersen et al. (18) observed a greater increase in LV than RV muscle mass in young endurance-trained males. In several papers (5, 6, 12, 22) and reviews (2, 3) a similar increase in the RV and LV was reported. Several authors (11, 23, 24) have reported a significantly greater increase in the RV than the LV in endurance athletes.
The RV function of the athlete's heart can be characterised by several parameters. Systolic function can be characterised by the fractional area change (RVFAC) or by Tricuspid Annular Plane Systolic Excursion (TAPSE). Similarly to the LV, tricuspid E/A represents RV diastolic function, and from the TDI parameters S' indicates systolic, with E'/A' indicating diastolic function.
In several studies, no difference was found between endurance athletes and non-athletes in the LV ejection fraction (3, 15, 19) . The RV ejection fraction is a rarely measured index, but RVFAC is very similar to RV ejection fraction and is used to estimate RV systolic function. D'Andrea et al. (6) did not find a difference in this parameter between power and endurance athletes and sedentary subjects. Some authors found, however, smaller RV changes in athletes than in non-athletes (11, 20) .
In the TAPSE, Teske et al. (24) found higher values only in elite endurance athletes compared to the controls, while no difference was found by D'Andrea et al. (6) between either power or endurance athletes and non-athletes. The relationship of the Doppler assessed TV to MV E/A was similar in athletes and in non-athletes in the studies in which no difference was seen between athletic and non-athletic subjects (8, 21, 23) or a higher E/A was found in older endurance athletes but not in strength athletes (5) . Several authors found, however, little or no difference between athletes and nonathletes in TV E/A, while MV E/A was higher in athletes (5, 12, 17) .
From the TDI parameters S' indicates systolic function. In most of the studies no difference was found between different athletes and non-athletes (6, 8, 12) .
We found very few data in which the TDI measurements of the LV and RV have been compared, and in most of the studies, differences between athletes and non-athletes were found to be similar (12, 20, 23) .
The ratio of blood flow to tissue movement velocity E/E' is postulated to be an index of the ventricular filling characteristics. It has been very poorly investigated in the RV of the athletes; we found only one study dealing with this question (23) , and no difference was seen between athletes and non-athletes.
The aim of the present study was to compare the morphologic and functional adaptation of the V and LV to regular physical activity by transthoracic echocardiography. To this end cardiac data were compared between athletes and non-athletes, differences in the LV and in the RV were compared with each other. Regarding that the LV E/A is highly dependent on HR (10) ; relationships between the transmitral or transtricuspid flow and HR were also investigated.
Materials and Methods

Subjects
Seventy-seven male volunteers (aged 18-40 years, Caucasian in origin) were recruited in accordance with the principles of the Helsinki Declaration. Based on their level of physical activity, the subjects were divided into two groups. The 52 athletes were international or national level competitors engaged in endurance sports: 31 triathletes, 12 kayaker-canoeists, 3 pentathletes, and two swimmers, cyclists and long distance runners each. Their training amount exceeded 10 hours per week, and their training history was greater than 6 years. No subjects were taking medicine. Non-athletes were young, inactive, normotensive, healthy men with no cardiovascular risk factors in their history; their weekly training hours did not exceed 3 hours, weekly training hours were highly greater in the athletes (18.9 ± 6.7 vs. 0.5 ± 0.9, p < 0.001).
Some basic data are presented in Table I , where some relative LV measures (rel.LVWT, rel.LVID, rel.LVMM) which have no equivalents in the RV are also indicated.
Before the investigations, each subject completed a medical sports questionnaire, which inquired into the subject's family history, cardiovascular risk factors and previous diseases, and in which the subject gave their written informed consent about the investigations. In each subject, a 12-lead ECG was made in recumbent position (Cardiosys H-01 ECG-Experimetria Ltd., Germany). Apart from some modifications acceptable in athletes (small extent T-wave inversion, incomplete right bundle branch block, early repolarisation) (4), no pathological alteration was detected. We must add that our subjects have participated in ECG and exercisetests for several years.
Echocardiographic measurements
Investigations were performed in the Department of Health Sciences and Sports Medicine at the Faculty of Physical Education and Sports Sciences of the Semmelweis University from 2010 to 2013. Standardized echocardiographic measurements were made during the morning hours with a Philips HD15 type echocardiograph with a 2.5-3.5 MHz transducer in a left lateral recumbent position with chest ECG control. The supervisor of this program was a cardiologist-specialist (T.K.). Two-dimensionally (2D)-guided M-mode, Doppler and tissue Doppler pictures were obtained. Longitudinal left and right internal end-diastolic and endsystolic diameters were obtained in apical four-chamber views (LVLADd, RVLADd). LV short axis diameters in end-systole and in end-diastole (LVIDd) were obtained in the parasternal view; RV short axis diameters (RVSADd) were detected in the apical fourchamber views. RVAd and RVAs were measured by outlining the endocardial borders of the RV in end-diastole and end-systole in the apical 4-chambers view. The RV fractional area change (RVFAC) was calculated according to the formula (RVAd -RVAs)/RVAd.
Mitral and tricuspid flow curves and peak velocities were measured by apical fourchamber view at the peak of the bicuspid and tricuspid valves. Early (E) and late (A) peak diastolic velocities were measured and their quotient (E/A) was calculated. TDI was used to determine maximal systolic (S'), early diastolic (E') and late diastolic (A') annular velocities both in the septal and in the lateral origin of the mitral and tricuspid valves. The ratio of the blood flow to tissue movement velocity (E/E') was also calculated. To avoid errors in the measurements, cardiac sizes were determined as the average values of 5-10 measurements; in the flow velocities, maximum values were taken into account.
In the normalization for body dimensions, BSA was used in keeping with the principle that the exponent of the numerator and denominator should be equal (15) . The relative (rel.) formulas were as follows: 
Results
No significant differences were found in age, BSA, BMI, systolic and diastolic blood pressure between the athletic and non-athletic groups; HR was significantly lower. LV morphological parameters which have no corresponding data from the RV are also indicated in Table I : rel LVWT, rel.LVID and rel.LVMM were significantly greater in athletes. There was no difference in the LV short axis fractional shortening and in the ejection fraction; relative stroke volume was enhanced in the athletes. LV morphological and functional parameters are demonstrated in Table II . Rel. diastolic LV long axis diameter was significantly greater in the athletes. LV fractional shortening was not different between the athletes and non-athletes. In the transmitral flow velocities, the E was a little, non-significantly higher, the A was lower, therefore, the E/A was significantly higher in the athletes than in non-athletes.
From the LV TDI measurements the systolic velocities were similar in the septal region (S's), but in the lateral region (S' l ) it was elevated in the athletes. E' amplitudes did not differ significantly in the septal region, but they were significantly higher in the athletes in the lateral region. The A' waves were lower in the septal region; E'/A' quotients were significantly higher in athletes, both at the septal and the lateral side. In terms of the E/E' ratio, the difference between the athletic and non-athletic groups was not significant at the septal wall, but at the lateral wall the ratio was significantly lower for the athletic group.
Data referring to the RV are indicated in Table III . Significant differences were seen in all of the RV dimensions; long and short axis diameters and diastolic areas were markedly larger in athletes than in non-athletes. The fractional shortening both in the short and long axis and the RV area change were similar for the two groups. There was not significant difference in the transtricuspid E, A and E/A values, and no significant difference was seen in the TDI values either. The only significant difference between the two groups was found in the TAPSE; the athletes showed higher values.
Relationships between transmitral and transtricuspid E/A quotients and HR are demonstrated in Figures 1 and 2 by scatter plot graphs. A significant negative correlation (r = -0.465) was found between the transmitral E/A and the HR, but no significant relationship was found between the tricuspid E/A and HR (r = -0.004). 
Discussion
In the present study, the morphologic and functional adaptation of the RV and the LV was investigated in top-level male endurance athletes and age-and body-size-matched sedentary subjects. Characteristics of the athlete's heart were unambiguously indicated by the lower HR and the higher rel.LVWT, rel.LVID and rel.LVMM. If we liked to compare RV and LV adaptation, parameters detectable in both ventricles should be investigated in the two groups. As a morphological parameter, such a measure is the relative long axis diameter; among the functional parameters such data are the long-axis shortening fractions, transmitral and transtricuspid flow velocities, E, A and their ratio, the E/A and the TDI data, E', A', S' and E'/A' in the septal and lateral walls of the two ventricles.
Morphology
As comparable morphologic parameters, rel.LVLADd (mm/m) and rel.LVSADd (mm/m) in the LV, rel.RVLADd (mm/m), rel.RVSADd (mm/m) and RVAd (cm 2 ) in the RV were taken into consideration. The extents of differences between the athletes and non-athletes in the LV and RV were compared.
Our results were similar to those according to which ventricular enlargements in endurance athletes are nearly similar on the two sides (3, 5, 6, 17, 22) or slightly stronger on the right side (11, 23, 24) . In the relative longitudinal diameters, athletes showed a slightly greater increase in the RV (12.4%, p < 0.001) than the LV (7.1%, p < 0.05). The LV short axis diameter was measured in the parasternal view; in the athletes it was not larger. RV short axis diameter was detected in the apical view, and the difference was 15.7% (p < 0.001). Our results and the data of other authors suggest a proportional increase in the two ventricles, but a greater increase in the RV cannot be excluded. A disproportionally large intensity effort may induce an even more marked remodelling in the RV than in the LV (11, 23, 24) , the cause of which could be that during a physical load the resistance in pulmonary circulation is much higher than in systemic circulation, and therefore, the pressure and the workload of the RV is more extensive (7, 11) .
Systolic functions
In our study, similar systolic diminishing of all of these indicators was seen in the athletes and non-athletes in the two chambers: LV short axis and long axis fractional shortening, LV ejection fraction, RV short and long axis fractional shortening and RVFAC. Regarding the hypertrophy of both ventricles, this should mean a slightly larger stroke volume, which with the lower HR provides a similar cardiac output.
Our data correspond to the data of other authors. In most of the publications, LV shortening fraction or ejection fraction does not differ profoundly between the athletes and non-athletes (3, 15, 19) . Similarly, in several studies, no differences were seen between the athletes and non-athletes in the RVFAC (6) . If there were any, smaller RV changes seemed to be in athletes than in non-athletes: La Gerche et al. (11) and Teske et al. (23) found smaller RV ejection fraction in endurance athletes; Poh et al. (20) found a smaller RVFAC in elite speed-skaters than in non-athletes.
Taken together, in the RV systolic changes either there is no difference between the athletes or non-athletes, or changes in the athletes are slightly smaller, while no such trend occurs in the LV. It is not excluded that the slightly larger relative RV volume with the same and/or lower ejection fraction can produce a similar stroke volume.
Systolic function is thought to be characterised by the TDI determined S' (5, 14, 15) . In our present study, no significant difference was seen in the RV S'. In other studies, higher Right ventricular adaptation of the athlete's heart 31 31
values were seen in older (47-48 years) strength and endurance athletes (5) or in sprint athletes, namely in speed skaters (20) . It seems that if there is any effect of regular training on the RV S', it is on athletes in strength and speed sports and not in endurance athletes. Tricuspid Annular Plane Systolic Excursion (TAPSE) was higher in the athletes than in the non-athletes. Our data are in accordance with those of other authors who also found higher values in endurance athletes (24) , while D'Andrea et al. (6) found no differences between the values of strength and endurance athletes and non-athletes.
LV stroke volume can be estimated by echocardiography as the difference between diastolic and systolic LV volume; it is rather difficult to determine the RV stroke volume. Similarly to the LV, it should be higher in athletes to perform at a similar cardiac output despite the lower HR. Increased RV shortening fractions and TAPSE can be signals of this elevated RV stroke volume.
Diastolic function
In our results, a definite difference was seen between the training effects on the LV and RV: differences were seen in the LV (higher E/A, E' s /A' s , E' l /A' l and lower E/E' l in the athletes than in the non-athletes), while no differences were seen in the RV.
The results are in accordance with most of the data of other authors, showing that blood flow and TDI indicated diastolic functions are more indicative in the LV than in the RV.
LV E/A is often reported to be higher in athletes, especially in endurance-trained and in older males (5, 15, 19) ; according to some data there is a significant difference in the LV E/A, but no difference in the RV (8, 17) . There are reports, however, in which similar results were seen in the LV and RV: increased quotients in both chambers (6) or no significant difference was seen either in the RV or in the LV E/A (21, 22) .
Most of the data obtained by TDI (8, 20, 24) indicate no differences in the RV E' and A' and the E'/A' between athletes and non-athletes. D'Andrea et al. (5) published some data according to which the E'/A' ratio was markedly higher in both power and endurance athletes than in passive persons, but these data were observed in older (age: 47 years) athletes.
Our results, together with results of other authors (7, 12, 15, 19) , indicate that RV lusitropic and TDI indices are not markedly different in athletic subjects as compared with those of non-athletes, while in the LV parameters athletes show higher values.
The higher LV E/A and E'/A' of the athletes can be explained by several factors, for example, better compliance, lower HR, or other factors. An exact clarification of the causes of the difference between the behaviour in LV and RV requires further studies.
A possible cause can be the different behaviour of the two chambers during endurance loading, arising from the difference between the total peripheral resistance and pulmonary resistance (7, 11) : after an acute extensive endurance RV E/A decreased, LV E/A did not change.
As regards HR, we made a comparison between LV and RV E/A and HR; in the LV, a highly significant negative correlation was found, while in the RV, no significant correlation was observed. This difference can contribute to the smaller effect of regular training on the RV than on the LV.
It should be emphasised that in the general medical praxis ventricular hypertrophy is accompanied by an impaired diastolic function not only in the LV, but also in the RV, for example, in obesity, hypertrophic cardiomyopathy or in diabetes (9, 23) . The non-impaired diastolic function against the RV hypertrophy indicates the physiologic character of RV hypertrophy in the athletes.
Conclusion
In summarising our results and the data of others, it seems that endurance athletes' adaptation to regular physical exercise is nearly similar in the two ventricles. A slightly stronger morphological and poorer functional adaptation can be postulated in the RV than in the LV in the athletes, the cause of which can be that during physical load the resistance in pulmonary circulation is much higher than in systemic circulation, and therefore, the pressure and the workload of the RV is more extensive. It is possible that the higher morphologic adaptation offers a sufficient increase in the function, and further functional adaptation is not necessary.
